Applications of the grand canonical Monte Carlo method demonstrate the importance of end effects on fundamental molecular and thermodynamic properties of oligoelectrolyte solutions. Simulations are carried out for a series of solutions containing double-helical DNA oligomers of varying numbers of phosphate charges N (8 s N s 100) and univalent electrolyte at fixed activity (a, = 1.76 mmol/dm3).
These results are used to evaluate as follows: C,(a), the local concentration of cations at various axial positions along the oligomer surface; CZ7(a), the axial average of these concentrations; FN, the preferential interaction coefficient expressed per oligomer charge, which is directly related to the fractional thermodynamic extent of association of counterions. A sufficiently long oligomer (N 2 48 under the conditions simulated) is characterized by an interior region over which CA(a) is uniform and equal to C+(a), the polyion limit. This interior region is flanked by two symmetric terminal regions, in which C1(a) varies linearly with axial position from the end of the oligomer to a distance -18 monomer units (-3.1 nm) from that end. For long oligomers, the characteristics of the terminal regions [length and axial profile of C1(a)] do not vary with N and, by inference, also pertain to the polyion under the same conditions. Both CAN(a) and rN approach their polyelectrolyte limits as linear functions of 1/N. These linear dependences can be attributed to the increasing predominance of the contribution due to the polyion-like interior of the oligomer as N increases.
The importance of the polyelectrolyte characteristics of nucleic acids in determining the stabilities of their ordered conformations and of their complexes with ligands has been recognized for some time (1) (2) (3) (4) (5) (6) (7) . Average molecular and thermodynamic properties of polymeric DNA, expressed on a monomer basis, are invariably found to be independent of the number of structural charges (N), provided that N is sufficiently large. However, in solutions containing oligomeric segments ofDNA, N must be an important determinant of the radial distributions of small ions surrounding the oligomer as well as of the bulk thermodynamic properties. In this paper, we report on the N dependence of some molecular and thermodynamic properties of oligomers having the average charge density and radius of double-helical DNA. These results illustrate the importance of end effects on properties of oligoelectrolyte solutions.
Since synthetic DNA oligomers of defined length and sequence have become widely available, they have been used in numerous studies as models for polymeric nucleic acids. Accurate descriptions of end effects are needed to characterize the approach of the molecular and thermodynamic properties of oligomers to the corresponding polyelectrolyte limits with increasing N. Information about electrostatic end effects will also be useful in analyzing salt-dependent conformational and ligand binding equilibria at terminal base pairs in both oligomeric and polymeric DNA (8, 9) and in assessing the thermodynamic consequences of the interactions of electrolyte ions with DNA that is partially denatured (10) or partially neutralized (for example, by binding of an oligocation).
THEORETICAL BACKGROUND
The fundamental structural parameters of a cylindrical polyion are the radius, ao, and the average axial charge separation, b (or the equivalent dimensionless charge density e= e2/ekTb) (5, 6). If 6 > 1 (i.e., b < 0.71 nm in water at 250C) then the polyion is considered to be "highly charged," and all theoretical descriptions are in qualitative agreement that there is a high local accumulation of counterions near (and exclusion of co-ions from) the polyion surface (2, 7, 11, 12) . The local concentration of counterions at the polyion surface, here designated C+(a), is determined primarily by I, particularly when the bulk concentration of added salt is relatively low. At low salt concentrations, the magnitude of (is also the primary determinant of thermodynamic properties, such as the activity coefficient of the electrolyte component and the preferential interaction coefficient. This coefficient reflects all nonideality due to electrolyte-polyelectrolyte interactions (7, 13) , including counterion site binding (if any), long-range coulombic interactions, and short-range repulsions.
For a system of three components-solvent, 1; polyelectrolyte, u (on a monomer basis); and electrolyte, 3-the preferential interaction coefficient is denoted F3. For example, in a dialysis equilibrium, where T, pu, and ,p3 are maintained constant, F13u encompasses all effects that cause the electrolyte concentration C3 in the compartment containing the polyelectrolyte (where the polyion monomer concentration has the finite value C") to differ from the electrolyte concentration C' in the (polyion free) reference compartment. In the limit C,, -* 0:
F3u-imo(C31aCu)Ts,, = lim (C3 -C3)/C,,.
lim-* (c-C/dC [1] As long as Cu/C3 << For an oligomer of N charges, the preferential interaction coefficient FN is defined on a monomer basis by analogy to Eq. 1. (The limit Cu -* 0 is taken in defining FN, but the superscript "o" is deleted for convenience.) For a given specification of structural parameters and solution composition, the magnitude of FN (an intrinsically negative quantity under conditions of interest here) is determined solely by N.
The quantity 1 + 2FN can be interpreted as the average degree of thermodynamic counterion association per structural charge on the oligomer (7). The extent of thermodynamic association reflects not only the actual accumulation of counterions in the near vicinity of the oligomer surface, but also the consequences of long-range interactions of the oligomer charges with both counterions and co-ions throughout the solution. Consequently, 1 + 2rN is a useful measure of the nonideality of an oligoelectrolyte solution. If there were no interparticle interactions, the distribution of univalent electrolyte ions about the oligomer would be random, and for this ideal solution rN = -0.5. This value implies that no counterions are thermodynamically associated with the oligomer. At the opposite extreme of maximal nonideality, rN = 0, and the oligomer is, in effect, completely neutralized by the thermodynamic association of counterions.
METHODS
Model of the Oligoelectrolyte Solution. In the GCMC simulations, the DNA oligomer (N-mer) is modeled as an impenetrable cylinder of radius ao = 1.0 nm with N negative charges spaced at 0.17-nm intervals along its axis (8 c N < 100). The cylinder is extended 0.3 nm beyond the charge at each end. The hydrated univalent electrolyte ions are modeled as hard spheres with equal radii, 8 = 0.3 nm. The radial distance of closest approach of an ion to the axis of the oligomer is a a, + 0.3 nm. The entire MC cell is modeled as a dielectric continuum with the dielectric constant of pure water at 25°C, e = 78.7. The MC cell is cubic with side length 2R (in nm), which is related to Cu (mol/dm3), the concentration of N-mer charges, by Cu = N(1024)/(2R)3NA, where NA is Avogadro's number. The N-mer is fixed along one axis passing through the center of the MC cell, so that the distance from the center of the N-mer to the center of any square face of the cell is R.
GCMC Methods. Many of the details of the GCMC methods applied here to oligoelectrolyte solutions have been described in our paper on cylindrical polyelectrolyte solutions (18) . For oligoelectrolyte solutions, GCMC computations are simplified, chiefly because an "external potential" is not required. The complete expression for the energy of a configuration of M small ions interacting with an N-mer is
The 3) had no effect on the equilibrated number of co-ions (within uncertainty), or on the counterion radial distribution at any point common to both cells. Calculations Using the GCMC Simulations. In all the simulations reported here, the mean ionic activity of the electrolyte (a,) is fixed at 1.76 mmol/dm3. For representative choices of N in the range 8 < N < 100, values of C (a), the local "surface" concentration ofunivalent cations, at various positions along the axis, are determined from simulations at the fixed oligomer charge concentration Cu = 2.49 mmol/ dM3. Each of the N/4 values of Ck(a) for a given N-mer is calculated by counting all counterions in an annular volume extending radially from a to a + 0.1 nm and axially over a distance of 0.34 nm, which includes two adjacent oligomer charges. The corresponding volume increments that are located symmetrically about the center of the N-mer are pooled. At least 10-12 million configurations (requiring 3-10 days on a Microvax II or about halfthis time on a VAXstation 3200) were required in each simulation to determine the local counterion concentrations at regular axial intervals along the oligomer surface for Cu = 2.49 mmol/dm3. were sampled in the MC cell to obtain equilibrated values of C3 and, thus, longer simulation times were required. These calculations were carried out on a Cray XMP (SDSC).
Under the same conditions (a+, T) as those investigated for DNA oligomers, C+(a) and rF were also calculated. These simulations were identical to those described previously (18) except that hexagonal cell symmetry was used to facilitate Table 1 . Oligomers having N . 48 exhibit an interior region where Ck(a) = C+(a), the value predicted by GCMC simulations for a polyion having the same radius and charge density under the same solution conditions. We classify as "long" any oligomer having an interior region in which the local surface concentration of counterions is the same within uncertainty as that for the corresponding polyion. The interior region of a long oligomer is bounded by two symmetric terminal regions in which C'(a) is an approximately linear function of axial position.
Under the conditions simulated here, the concentration in the interior region is at least 6 times larger than C'(a) at either end of a long oligomer, but this terminal concentration is 2 or 3 orders of magnitude larger than C'1(R), the counterion concentration at the outer boundary of the MC cell (Table 1) . Therefore, the radial dependence of the counterion distribution exhibits a steep gradient, even at the end of a long oligomer.
The results in Table 1 and Fig. 1 depend on the radial distribution of counterions surrounding the terminal region of a polyion. Information about this distribution is expected to be useful, for example, in thermodynamic analyses of end-joining interactions of DNA restriction fragments (8) Table 2 show how the magnitude of rN decreases (nonideality increases) with increasing N at fixed salt concentration (or activity). The thermodynamic extent of counterion association with the oligomer 1 + 2rN increases with increasing N, as does Ck(a). Because FN reflects long-range as well as short-range interactions, it is not surprising that the extent of thermodynamic counterion binding significantly exceeds the molecular extent of counterion association calculated either from C + (a) or by integrating the counterion radial distribution function from a to any reasonable cut-off value in the vicinity of the oligomer surface (7). Comparison of Fig. 4 with Fig. 2 demonstrates that FN The GCMC prediction that rN is a linear function of 1/N for sufficiently long oligomers at a given salt concentration is consistent with experimental observations of electrolyte effects on the stability of oligonucleotide hairpin helices (21).
Record and Lohman (8) analyzed these results by modifying the standard counterion condensation model for cylindrical polyelectrolytes (6) to incorporate an "end effect" parameter describing the reduced extent of condensation in the terminal regions of an oligomer. By assuming that the range and magnitude ofthe end effect are independent ofN, Record and Lohman deduced that the thermodynamic interaction parameter (WN per oligomer charge) must approach the polyelectrolyte limit as a linear function of 1/N for N 2 18 (corresponding to a helical region of 14 phosphates, which is the smallest oligomer for which data were reported). This analysis was also applied to thermodynamic data on the salt dependences of various types of transitions of oligomeric hairpin and dimer helices, oligomer-polymer hybrid helices, and on the interactions of complementary single-stranded ends of long nucleic acid molecules. More recent experimental investigations of related systems suggest that specific sequence effects (which may determine the axial charge density and/or range of the end effect in the denatured form) or other variables may also be important (22) (23) (24) .
CONCLUDING DISCUSSION
According to the Poisson-Boltzmann approximation for an oligoelectrolyte solution, the local concentration of a small ion of valence zj at some distance from a given oligomer is proportional to exp[-ezj+q/kT], where q is the mean electrostatic potential. For linear oligomers, the spatial dependence of if has been calculated, in the Debye-Huckel approximation, by integrating over screened coulombic interactions due to a continuously charged line segment (25) . The screened coulombic interaction potential between two charges separated by distance s is exp(-KS)/S, where K, as defined by the usual expression, is proportional to the square root of the ionic strength (6 (Fig. 1 ) the terminal region of a long oligomer extends over a length of 3.1 + 0.3 nm, which is only about half of K-1 (where K is calculated as in ref. 17) .
Since the Debye-Huckel approximation for interparticle potentials overestimates the spatial extent over which electrostatic interactions are effective in solutions of highly charged oligomers, use of the Debye-Huckel form of the excess electrostatic free energy should overestimate the nonideality of solutions ofDNA oligomers. The infinite series of ring terms in the MacMillan-Mayer cluster expansion appropriate for a salt solution containing cylindrical oligomers offinite length was summed to derive an expression that explicitly demonstrates the length dependence of the DebyeHuckel approximation for the oligoelectrolyte contribution to the excess electrostatic free energy (26) . A corresponding expression was derived for the mean ionic activity coefficient (y+) of the electrolyte component. We compared the predictions of this Debye-Huckel expression for In 'y± with those of our GCMC simulations by evaluating In y, In a, -0.5 ln[C3(Cu + C3)] with GCMC values for C3 at fixed a+ and Cu (2.49 mmol/dm3) for oligomers of varying N (results not shown). The Debye-Huckel expression does overestimate the GCMC prediction for the magnitude of In y, (i.e., the departure from ideality of the electrolyte component) by factors ranging from 3 (for N-+ oo) to 2 (for N = 8). At present there appears to be no rigorously derivable analytic expression capable of accounting for the N dependence of thermodynamic properties calculated rigorously from GCMC simulations for model systems representing solutions of highly charged oligomers.
There have been relatively few theoretical studies of the molecular and/or thermodynamic properties of oligoelectrolyte solutions. For solutions of oligostyrenesulfonate (b = 0.255 nm) containing no added salt, osmotic coefficients and counterion distributions were calculated from canonical MC simulations (27) . Another study (28) reported PoissonBoltzmann cell model calculations of the osmotic coefficient, the counterion activity coefficient, and pK of oligomers of various lengths (for which b = 0.252 nm) in salt-free solution. In both of these theoretical studies, calculations were performed over a range of oligomer lengths, but no explicit functional forms were given for the length dependences characteristic of any of the calculated properties. The full (nonlinear) Poisson-Boltzmann equation has been used to calculate the axial dependence of the electrostatic potential for a cylindrical oligomer having { = 1 in solutions with salt concentrations ranging from 0.2 to 5 mmol/dm3 and for oligomers with 6 = 0.5 and 2.0 at a salt concentration of 1 mmol/dm3 (29) . On the basis ofthese results, the length ofthe electrostatic end effect was proposed to be (2K)-1, in approximate accord with our calculations. Additional GCMC simulations over a range of electrolyte activities and values of f are necessary to test whether there is a constant proportionality between the Debye length and the length of the terminal region of a long oligomer. Such studies should also provide theoretical predictions of the salt dependence of conformational transition temperatures as a function of N and transition type for comparison with experimental data.
